SUMMARY: Influence of season, lunar-tide cycle and tide on ichthyoplankton at the interface between Mondego estuary and the adjacent coast and on up-estuary transport was evaluated. Seasonal samples were collected at a fixed station at the mouth of the estuary during diel cycles, at neap and spring tides. Additionally, four sampling stations along the estuary were assessed. Pomatoschistus spp. was the main estuarine taxon, while Sardina pilchardus and Parablennius pilicornis were the most important marine species. Ichthyoplankton entrance and transport along the estuary presented a seasonal pattern with higher densities during summer. Lunar-tide cycle also represented an important influence, structuring communities that reach the estuary and their subsequent distribution. Solea senegalensis and Sardina pilchardus seemed to take advantage of spring tides to enter the estuary. S. pilchardus appear to be using tides to move upstream of the estuary. Ichthyoplankton entrance in the estuary seemed related to species spawning period, while its distribution within the estuary depends on in situ spawning and on the capacity of species to counteract currents and river flow. The present study provides a better understanding of ichthyoplankton dynamics at the interface of two coastal systems, reinforcing knowledge of the lunar-tide cycle influence on ichthyoplankton communities.
INTRODUCTION
Exchange between estuaries and the ocean is a key issue to coastal scientists because many species of fish and invertebrates move between the continental shelf and estuaries during their early life history (Epifanio and Garvine 2001) . Transport to an estuarine inlet and subsequent up-estuarine movement are crucial for successful completion of the life cycle of several fish species (Islam et al. 2007 ). Many fishes using inshore nurseries are targeted by commercially important fisheries. Therefore, evaluating where the pelagic larval stages disperse to and how they manage to successfully recruit back to adult populations is not only critical for understanding the evolution of early life history stages and the dynamics of marine populations, but also for the development and implementation of management and conservation efforts (Forrester and Swearer 2002) .
Means of cross-shelf transport and estuarine ingress are not well understood and are often complicated by species-dependent interactions of hydrography (e.g. DiBacco et al. 2001) , behaviour (e.g. Queiroga et al. 2007 , Jager 1999 and ontogeny (e.g. Hare et al. 2005) .
Tidal phase-related factors such as salinity, temperature, chemical substances, current velocity and hydrostatic pressure are reported to be important to plankton distribution (Hsieh et al. 2010) . The spring-neap tidal cycle can also have a strong impact on species distribution because the spring tide may hinder vertical stratification (Schultz et al. 2003) . This lunar-associated tidal cycle can also play an important role in fish reproduction, acting as cue for synchronization of reproductive events (Oliveira et al. 2009a , Takemura et al. 2010 .
Vertical migration according to tidal cycle is a common behaviour linked to transport, retention or dispersion mechanisms. During flood-tide transport larvae settle on, or move close to, the bottom during ebb tide and ascend in the water column during flood tide, resulting in upstream transport (Forward and Tankersley 2001) . Additionally, getting out of seaward-moving water layers during ebb facilitates larval retention within an estuary (e.g. Jager, 1999) . In ebb-tide transport, larvae settle during flood and ascend during ebb, resulting in seaward transport (Queiroga et al. 2007) . Retention mechanisms and selective tidal-stream transport (STT) have been imputed to several species of zooplankton, larval benthic invertebrates (e.g. Queiroga et al. 2007 , Jessopp and McAllen 2008 , Marques et al. 2009 ) and larval and juvenile fishes (Schultz et al. 2003 , Miller and Shanks 2004 , Islam et al. 2007 .
Mechanisms of fish larvae ingress and retention in nurseries areas are the focus of several studies across North America (Epifanio and Garvine 2001 , Hare et al. 2005 , Rooper et al. 2006 , Japan (Islam et al. 2007) and Europe (Jager 1999 , 2001 , Jessopp and McAllen 2008 . Little is known concerning the influence of endogenous rhythms associated with the lunar-tide cycle on larval entrance and consequent up-estuary transport and horizontal distribution inside these nurseries areas.
The present study presents the results of a highfrequency sampling, in which diel cycles were sampled seasonally, at neap and spring tide cycle, combined with spatial sampling inside the estuary. The main objectives of this study were: (1) to understand how lunar-associated tidal cycles influence entrance of fish larvae into the estuary; (2) to identify how this influence varies seasonally; and (3) to determine the extent to which this influence affects up-estuary transport and spatial distribution inside the estuary.
MATERIALS AND METHODS

Study site
The Mondego River estuary is a mesotidal system located on the western Atlantic coast of Portugal (40º08'N, 8º50'W) (Fig. 1) . The hydrological basin of the Mondego, with an area of 6670 km 2 , provides an average freshwater flow rate of 79 m 3 s -1 (Dolbeth et al. 2010) . Mondego is a well-mixed estuary and consists of two channels divided by the Murraceira Island and converging again near the mouth. Here, the influence of both the river flow and neritic waters is strong and the depth is around 6 to 13 m. The north arm is deeper, with 5 to 10 m depth at high tide, while the south arm is shallower, with 2 to 4 m depth at high tide. Tides in this system are semi-diurnal, and at the inlet the tidal range is 0.35 to 3.3 m.
Sample collection
In order to investigate fish larvae entrance and subsequent up-estuary transport, two different approaches were used. For the high-frequency sampling, ichthyoplankton was sampled at a fixed station located at the mouth of the estuary (M) (mean depth: 8m) ( Fig. 1) spatial distribution inside the estuary was accessed. Spatial sampling was performed during flood tide by collecting samples at 4 stations distributed throughout both arms of the estuary (S1, S2, N1, and N2) (Fig. 1) . Monthly samples were combined into 4 conventional seasons (summer: June05, July05 and August05; autumn: September05, October05 and November05; winter: December05, January06 and February06; spring: March06, April06 and May06) and classified according to the lunar-tide cycle (neap and spring). Neap and spring tides were sampled at least once in each season.
In both surveys, ichthyoplankton was collected using horizontal subsurface tows (bongo net mesh size 335 µm, mouth diameter, 0.5 m; tow speed 2 knots, 3 min) equipped with a Hydro-Bios flowmeter and preserved in a 4% borax-buffered formalin seawater solution. Samples were sorted and ichthyoplankton identification to the species level was made whenever possible under a stereoscopic microscope (Primo et al., 2011) . Density estimates were standardized (individuals per 100 m -3 ). At each sampling period, salinity, water temperature (ºC), dissolved oxygen (mg l -1 ) and pH were recorded in situ with appropriate sensors. Subsurface water samples (1.5L) were collected for the determination of chlorophyll a (Chl a) and suspended particulate matter (SPM) (Marques et al. 2006) .
Data analysis
High frequency samples were grouped by season (summer, autumn, winter and spring), lunar-tide cycle (neap and spring tide) and tide cycle (ebb and flood tide). Species were grouped into three main ecological guilds adapted from Elliott et al. (2007) : marine stragglers (MS, species that spawn at sea and typically enter estuaries in low numbers occurring frequently in the lower reaches), marine migrants (MM, species that spawn at sea and often enter estuaries in large numbers), and estuarine species (ES, estuarine species capable of completing their entire life cycle within the estuarine environment and those with stages of their life cycle completed outside the estuary).
Statistical analyses were made for each season separately. First, a SIMPER analysis was performed for each ecological guild in order to identify the main species present in each season. Then, variation in environmental factors, guilds and main species densities was tested by a univariate PERMANOVA test. Univariate PERMANOVA tests included a 2-way design (Lunartide cycle/Tidal cycle) and were based on Euclidian distances between samples, after ln(x+1) transformation of density data, considering all the factors as fixed and unrestricted permutation of raw data.
Species multivariate analysis was performed using multivariate PERMANOVA. Multivariate tests focused on differences in the assemblage structure between seasons, lunar-tide and tide cycles (3-way design: season/lunar-tide cycle/tidal cycle) and were based on Bray-Curtis similarities between samples, after an ln(x+1) transformation of density data, considering all the factors as fixed and unrestricted permutation of raw data. For multivariate analysis, samples without larvae and larvae that could not be identified to at least the family level were excluded from the analysis.
Effects of environmental variables on larval fish assemblages were analyzed with canonical correspondence analysis (CCA) (CANOCO version 4.5, Microcomputer Power). Environmental variables included salinity (Sal), water temperature (T) dissolved oxygen (O 2 ), pH, Chl a and SPM. Neap/spring and ebb/flood tides were also included as nominal variables. All species were used and a new category coded as "no fish" was created to prevent CANOCO from eliminating samples containing no fish larvae (Grothues and Cowen 1999) . Larval densities were ln(x+1) transformed and environmental variables were standardized by subtracting the mean and dividing by the standard deviation. Each season was treated separately, applying the forward stepwise selection procedure of explanatory variables in order to identify significant variables (P < 0.05). Finally, a total CCA biplot scaling with focus on inter-samples distances was performed using the former identified variables and the nominal variable seasons.
Monthly spatial distribution data were also grouped into seasons and spring-neap tides and species were grouped into the same 3 main ecological guilds (Elliott et al. 2007) . Variance in guilds and main species abundance was tested by univariate PERMANOVA tests performed under a 2-way design (Lunar-tide cycle/Sampling station) and based on Euclidian distances between samples, after ln(x+1) transformation of density data, considering all the factors as fixed and unrestricted permutation of raw data.
SIMPER, univariate and multivariate PERMANO-VA tests were applied with PERMANOVA+ and PRIMER software (PRIMER v6 & PERMANOVA+ v1, PRIMER-E Ltd.) and significant results were investigated using post hoc pairwise comparison tests.
RESULTS
Hydrological conditions
Summer spring tide showed significantly lower values of temperature, salinity and Chl a. In summer, hydrological conditions showed no differences between tides (Fig. 2 , Table 1 ). At autumn spring tide, temperature was also significantly lower but both salinity and Chl a values were higher than at neap tide. During autumn ebb tides, temperature and Chl a (mainly during autumn neap tide; PERMANOVA pairwise comparison: t(neap tide)=2.26, P<0.05)) were lower than during flood, while salinity was higher (Fig.2 , Table  1 ). During winter spring tide temperature and Chl a were, again, lower but salinity continued higher than at neap tide. In this season higher salinity values were recorded during ebb spring tides (PERMANOVA pairwise comparison: t(spring tide)=2.75, P<0.05) (Fig. 2, Table 1 ). Finally, at spring spring tide, temperature was higher than at neap tide but salinity and Chl a were lower. In spring salinity values were generally higher during ebb tide (Fig.2, Table 1 ). Suspended particulate matter was highly variable during seasonal diel periods, with no significant differences between lunar-tide cycle and tides, exception for winter ebbtide values, which were significantly higher than during floods (Fig. 2, Table 1 ).
High-frequency sampling: seasonal and springneap tide effects
A total of 39 different taxa of fish larvae were collected in high-frequency sampling at Mondego estuary. The number of fish larvae was highly variable (ranging from 1 to 1641 larvae 100 m -3 ) and showed a strong seasonal variation, with higher densities in summer, followed by autumn and spring, and finally winter (Fig. 3) . Autumn and summer showed no significant differences between neap and spring tides, but both spring and winter showed significantly higher densities during spring tide (Fig. 3, Table 1 ). Also, there was no significant difference between flood and ebb-tide larvae mean densities, with the exception of the spring spring tide, which showed significantly higher values during flood tide (PERMANOVA pairwise comparison: t(spring tide) =2.86, P<0.01). Estuarine species were the main ecological guild in almost all seasons except winter, when marine migrant species were more abundant (Fig. 4) . Marine migrant species increased in winter and spring, while marine stragglers peaked in summer. Estuarine and marine straggler species were higher during summer and autumn neap tides, respectively. In contrast, in spring higher densities were reached during spring tides for the three main ecological guilds (Fig. 4, Table 1 ). Tide was a significant factor only at spring spring tide (PERMANOVA pairwise comparison: t(spring tide)=0.45, P<0.05), when marine stragglers species were significantly more abundant during floods. SIMPER analysis revealed that Pomatoschistus spp. was the main estuarine species present in all the seasons, the lowest contribution being observed in summer (70%) and the highest in winter (100%). Sardina pilchardus was the main marine migrant species present in summer (53%), winter (100%) and spring (99%), while Solea senegalensis showed the highest contribution in autumn (67%). Finally, Parablennius pilicornis was the main marine straggler species present in larval assemblage, with contributions ranging from 52% (spring) to 97% (summer). Note that marine straggler species were absent during winter. Pomatoschistus spp. dominated the ichthyoplankton assemblages in all seasons, except winter. This species density was higher during spring spring tide but no differences were detected between lunar or tide cycle for the remaining seasons ( Table 2 ). The marine migrant S. pilchardus was the main species present in winter assemblages, being evenly present in both spring and neap tide (Table 2) . Maximum densities of this species were found during flood in the spring spring tide, reaching a significantly higher density than during the spring-neap flood tide (PERMANOVA pairwise comparison: t(spring tide)=4.85, P<0.05) ( Table 2 ). S. senegalensis reached higher densities in autumn spring tide, with no distinction between tidal cycles (Table  2) . Concerning marine stragglers, the presence of P. pilicornis increased in summer, with no distinction between lunar or tidal cycle. However, in autumn densities were significantly higher at neap tides (Table 2) .
High frequency sampling: assemblage structure and its relationship with environmental variables
Assemblage structure revealed a clear seasonal pattern, with differences between all the seasons (PseudoF=18.96, p(perm)≤0.001). On the other hand, lunartide cycle influence on species assemblages varied according to season (PseudoF=3.73, p(perm)≤0.001), being significant in summer (t=2.18, p(perm)<0.01), autumn (t=1.80, p(perm)<0.01) and spring (t=2.52, p(perm)≤0.001), but not in winter. Assemblages were not significantly different between ebb and flood tides.
Forward stepwise analysis showed that in summer significant environmental variables were Chl a, SPM, tide cycle and temperature. During autumn, lunar-tide cycle, salinity, temperature and Chl a were the main variables responsible for structuring assemblages. Chl a and lunar-tide cycle also played an important role in winter, while during spring temperature was the main factor determining the distribution pattern of ichthyoplankton assemblages. The seven environmental variables considered in the final CCA (season, lunar-tide cycle, tide, salinity, temperature, Chl a and SPM) explained 18% of the total variation in larval fish assemblages, with first axis accounting for 45% of species-environment relation. CCA illustrated at least three distinct groups corresponding to spring, winter and autumn/summer (Fig. 5) . The distinction between spring and neap tides was also evident. 
Seasonal and spring-neap tide effects on spatial distribution
Estuarine species were present mainly during neap tides except in summer at sampling stations S1 and N2 and in autumn at stations S1, N1 and N2 (Fig. 6) . Marine migrant density was also higher during neap tides, particularly in upstream areas of the estuary. However, downstream sampling stations S1 and N1 showed higher densities at spring tides, mainly in autumn and summer (Fig. 6) . Regarding marine stragglers species, higher densities were recorded during neap tides ex- cept at upstream station N2 during autumn spring tides and in sampling station S1 during spring (Fig. 6) . Pomatoschistus spp. was the most abundant species at all sampling stations and in all seasons, with higher densities in autumn and at spring-neap tides (Table  3) . Generally, its distribution was uniform across the estuary, with sampling station S2 showing the highest larval densities. Sampling station S1 showed significantly higher densities during autumn spring tides (PERMANOVA pairwise comparison: t(S1)=0.36, P≤0.05). In autumn spring tides, Solea senegalensis was present at downstream sampling station, whereas Sardina pilchardus was not detected during the spatial assessment (Table 3) . Parablennius pilicornis was particularly abundant during summer neap tides and at upstream station N2. In autumn spring tides it also reached upstream sampling station N2 (Table 3) .
DISCUSSION
Seasonal environmental characterization showed that in summer salinity and temperature were higher, mainly during neap tide, which can indicate a stronger marine influence in this lunar cycle. Generally, the same occurred during spring, which showed higher salinity but lower temperature at neap tide. Autumn and winter showed the opposite pattern, with higher salinity and lower temperature during spring tides. Higher river flow during these seasons could reduce the marine influence downstream in the estuary and therefore be noticed mainly during the higher tidal amplitude of spring tides.
High-frequency sampling of ichthyoplankton showed a clear seasonal distribution pattern. Higher densities in summer and lower ones in winter are characteristic temporal patterns usually related to spawning of adult fishes (e.g. Barletta-Bergan et al. 2002 , Ramos et al. 2006 . A seasonal pattern of fish larvae density has already been reported for the Mondego estuary (Primo et al. 2011) .
Winter assemblages differed from the others mainly because of the lower densities of Pomatoschistus spp. and the higher densities of marine migrant species Sardina pilchardus. Winter has already been indicated as a preferred spawning season for S. pilchardus along the western and southern Iberian Peninsula (Stratoudakis et al. 2007 ) and the northwestern Mediterranean (Olivar et al. 2003 ). This preference seems to be triggered by the decrease in the sea surface temperature (Zarrad et al. 2008) .
The marine migrant S. pilchardus was also an important contributor in spring, as was Pomatoschistus spp. In fact, Pomatoschistus spp. also represented a large fraction of the assemblage in autumn and summer. Dolbeth et al. (2007) noticed that in the Mondego estuary Pomatoschistus microps has an extended breeding season and several spawning periods, and this is probably the main reason for the importance of Pomatoschistus spp. larvae in assemblage structure throughout the year. Marine stragglers, mainly Parablennius pilicornis, were also a significant fraction of the ichthyoplankton assemblages in summer. This common rocky subtidal fish species has been recorded in Portuguese estuarine environments, mainly in summer in the upper and lower estuary (e.g. Faria et al. 2006) . As a marine straggler species, P. pilicornis probably enters the Mondego estuary only during short periods of its larval stage, because its presence in the estuary as a juvenile has not been recorded .
Higher larval densities of Solea senegalensis in autumn may also be related to the spawning period of the species, which is very variable and consists of two periods, from January to June and in autumn (GarciaLopez et al., 2006) . Though it is a marine species, it is common in estuaries and it has been reported to have nursery grounds in several southern Iberian estuaries (e.g. Drake et al. 2002 .
Lunar-tide cycle influence played an important role in structuring community assemblages, except in winter. However, inside the estuary, winter spatial distribution is affected because during neap tides estuarine guilds showed high densities of Pomatoschistus spp., whereas during spring tides when no fish larvae were caught. This is probably a consequence of higher river flow, which flushed out larvae from the estuary, as has been reported in previous studies (Marques et al. 2006) , or of the reduced spawning activity during this season. On the other hand, low river flow periods enable species to reach upstream parts of the estuary, as happened at summer neap tide when larvae of marine stragglers, such as P. pilicornis, reached the upper limits of the estuary.
The importance of lunar-tide cycle, not only in fish larval exchange with the adjacent ocean but also in spatial distribution of species within the estuary, may be related to the planktonic nature of larvae that, unable to counteract strong water flow, increase in periods with weak hydrodynamics. Larvae swimming capacity may differ from species to species and according to development stage. Although the present study lacks ontogenetic stage determination, the larvae collected were small (pre-flexion or flexion stage) and were therefore analyzed together.
Marine influence is expected to increase during higher amplitude tides influencing larvae ingress and settlement in the estuary. This is probably the case of the marine species S. senegalensis and S. pilchardus, which seemed to take advantage of spring tides to enter the estuary. In small estuaries like Mondego, marine influence is highly dependent on river flow, so higher tide amplitude does not always imply higher marine intrusion, which seemed to be the case of summer spring tides.
Lunar-tide cycle is often related to the spawning period of species. Takemura et al. (2010) observed that during the spawning season of several fishes, synchronous spawning can occur accordingly to a lunar, semi-lunar or tidal cycle. Several studies have demon-strated the effect of lunar cycle on the reproduction of S. senegalensis (Oliveira et al. 2009a ) and gilt-head sea bream, Sparus aurata (Saavedra and Pousão-Ferreira, 2006) . It is thought that lunar or tidal rhythms synchronize fish endocrine organs and induce the beginning of gonad maturation and time of spawning (Oliveira et al. 2009b) . Lunar cycle influence seems to be species-specific and related to photoperiod and intensity of moonlight, varying according to species diurnal/ nocturnal behaviour and season (Pankhurst and Porter 2003 , Oliveira et al. 2009b , Takemura et al. 2010 .
Several studies have shown that fish larvae are able to actively disperse with floods, mainly owing to vertical movements with the tidal cycle (Grioche et al. 2000 , Aceves-Medina et al. 2008 ). The present study considered only subsurface samples and the vertical migration pattern could not be confirmed. Moreover, differences between tidal cycles were only recorded for S. pilchardus, with higher densities during spring spring tide flooding. This may indicate that these species could be using tides to move upstream of the estuary by means of selective tidal-stream transport. Flood-tide transport implies that organisms are abundant in the water column during flood tide and absent or reduced during ebb tide. It is more common in estuarine dependent species, which move up the estuary to nursery or adult habitats (Forward and Tankersley, 2001) .
Assemblage structure demonstrated a weak relation with environmental factors, suggesting that other physical variables associated with the spring-neap and ebb-flood tidal cycle could affect fish larval exchange with the ocean. Factors such as wind speed/direction and intensity/direction of currents were not recorded but may play a critical role in these exchanges (Miller and Shanks 2004 , Hare et al. 2005 , Queiroga et al. 2007 ). Temperature and salinity showed a strong association with assemblage structure and seasonality. This seasonality may be related to species synchronizing reproduction with the seasonal increase of food (Sims et al. 2004 . Chl a and SPM were also important factors in the flux of larvae and both can be associated with turbidity, which is often indicated as an environmental cue for exchanges between estuaries and adjacent coasts (Drake et al. 2007, Strydom and Wooldridge 2005) . Tidal flux of larvae is associated with several related factors, including current speed, salinity (as affected by river discharge and magnitude of tidal mixing and exchange), temperature, olfactory cues, turbidity, substrate composition and lunar phase (Strydom and Wooldridge 2005) .
The present study reinforces knowledge of lunartide cycle influence on ichthyoplankton entrance into and distribution throughout the estuaries. However, these results could benefit from replicated sampling in each season and lunar-tide cycle and at different depths. Future studies should also include determination of larval ontogenetic stage in order to obtain a more comprehensive understanding of the pattern of entrance and distribution of fish larvae in estuaries.
